We report the experimental results to continuously tune the coherence length of a semiconductor laser using an optical feedback scheme. The coherence length can be controlled by adjusting the feedback strength when a semiconductor laser operates in a coherence collapse regime. Fine structures of the fringe visibility of the laser output show that the coherence length of the semiconductor laser can be shortened from several meters of the solitary laser to 100 μm by the long-cavity optical feedback technique. Experimental results indicate that the coherence length of the laser, depending strongly on the feedback strength, is insensitive to its bias current.
Introduction
Generating high-coherent light is one of the important tasks for researchers in quantum frequency scale [1] , coherent optical fiber communications [2] , and optical metrology. However, in some other applications, such as fiber optic gyroscope [3] , rainbow refractometry [4] , and coherence tomography [5] , well-directed, bright, incoherent light is required to avoid the interference effects of coherent light.
At present, superluminescent diodes (SLDs) and ultrashort pulse lasers are the main bright incoherent light sources. SLDs, widely used as the incoherent source in some applications though, is inapplicable in many conditions owing to its low luminous efficiency and unsatisfied beam property [6] . Femtosecond pulse lasers, having the merits of broadening linewidth with high power, are impractical because of their high cost and large dimension [7] . Therefore it is an important issue to develop a simple and inexpensive bright incoherent light source with excellent beam properties and high wall-plug efficiency.
Semiconductor lasers subject to optical feedback, as shown by experimental and theoretical studies, exhibit two kinds of opposite behavior [8] . The one is a stable single longitudinal mode with a narrow linewidth under weak or strong feedback. The other is the so-called coherence collapsed state, including low-frequency fluctuations (LFFs) and chaotic oscillations. The former has been widely investigated [9, 10] , and the latter has attracted much attention in recent years because the chaotic laser has potential applications in secrecy communication [11] , chaotic lidar [12] , and chaotic correlation optical time domain reflectometers [13] . Previous research has demonstrated that the linewidth could be broadened by optical feedback when the semiconductor laser operates in coherence collapse [14] [15] [16] . Lenstra et al. [14] first reported that its spectrum linewidth can be broadened to 20-30 GHz when the semiconductor laser was operated in the coherence-collapsed state. Hamel et al. [16] measured the visibility of the semiconductor laser output for a series of feedback levels and found that the visibility strongly depends on the amount of feedback. So far, for long-cavity optical feedback, studies mainly focused on the systems with lower feedback levels, and the lasers operate in single mode. The higher feedback level has not been discussed and the coherence characteristics of the 0003-6935/09/050969-05$15.00/0 © 2009 Optical Society of America semiconductor laser subject to long-cavity optical feedback have not been well understood. Recently, Peil et al. [4, 17] investigated the coherence length of a semiconductor laser operating in multimode by using the short cavity optical feedback. They found that, by use of such a system, an incoherent laser light source (130 μm coherence length) was obtained [17] , and the resolution of rainbow refractometry was improved by using the incoherent light [4] .
Here we obtain a tunable-coherence length laser light source by using long-cavity optical feedback. The coherence length of the laser can be tuned continuously from several meters to 100 μm.
Experiments
Our experimental scheme is shown in Fig. 1 . For the tested semiconductor laser, the optical feedback from a flat mirror (M1) was used to tailor its coherence length. A half-wave plate (HWP) and a polarizing beam splitter (PBS) were inserted into the feedback path to adjust the power of the feedback light. The quarter-wave plate was employed to prevent any unwanted reflection. The dynamic state of the laser diode subject to optical feedback was identified by a RF spectrum analyzer (Agilent E4407B) and a digital real-time oscilloscope (Tektronix TDS3052B). The corresponding optical spectrum was measured by an optical spectrum analyzer (Agilent 86140B).
The coherence property of the semiconductor laser was analyzed by measuring the interference fringe of a Michelson interferometer. A mirror (M5) was mounted on a piezoelectric transducer (PZT). The output power varies between constructive (P max ) and destructive (P min ) interference with the length difference varying in the two arms of the Michelson interferometer. In order to quantitatively estimate the coherence length of the semiconductor laser, we adopt visibility V ðlÞ :
where l is the length difference of the two paths of the Michelson interferometer. V ðlÞ is measured as a function of the length mismatch between the two arms of the interferometer. The wavelength of the laser diode is 780 nm, and its threshold current (I th ) is 49:5 mA. The reflective index of M1 is R ¼ 93%. The power dissipation index of the PBS and the HWP are η 1 ¼ 5% and η 2 ¼ 8%, respectively. The feedback strength is scaled with feedback ratio r being defined as the ratio of the power of the feedback light to the output of the laser. The direction of the optical axis of the HWP is also considered.
Results and Discussion
Here we analyze the coherence characteristics of the laser by the fringe visibility. The bias current was set to 1.5 times the threshold current, and the external cavity length was 30 cm. From Fig. 2(c) we can see that the solitary laser operates in single mode, and the side-mode suppression ratio is more than 20 dB. The corresponding time series is shown in Fig. 2(a) . When the feedback strength increases to −20:6 dB, the laser operates in multiple modes [see The coherence length of the laser subject to a different feedback level [8] is investigated. The coherence length l c is defined as l c ¼ 2l, where l is the length difference when the visibility is 1=e times the visibility without length difference. The coherence length of the solitary laser is beyond the measurement range of the Michelson interferometer, so the measured coherence length is several meters according to Young's double-slit interference. Figure 3 shows the coherence length of the laser output versus the feedback strength. The laser undergoes, in turn, Period 1, Period 2, and chaos oscillation when the feedback strength is increased from −33 to −13 dB. The corresponding time series of the laser output are shown in Figs. 3(a)-3(c) . Our experiments show that the change of coherence length with the feedback strength is nonlinear, and there are obviously three different regimes. From Fig. 3 we can see that, when the laser is oscillated at Period 1, the average coherence length is maintained around 40 cm. When the output of the laser transits from Period 1 to Period 2 with the increase of the feedback strength, the coherence length of the laser is shortened gently; however, the coherence length is shortened rapidly with the further increase of the feedback strength. Meanwhile the output of the laser becomes chaotic, and the laser operates in the multimode state. The coherence length declines from 30 to 3 cm within a 1 dB feedback strength variation. The rapid shortening of the coherence length in this regime makes the adjustment difficult, but it is possible to precisely control the feedback strength using a digital variable reflector and a precise variable attenuator. Moreover, the most important merit of this technique is to obtain shorter coherence length. This means that the laser should operate in chaos oscillation in many practical applications when we use the laser as a bright, incoherent light source. In the chaos regime, the coherence length decreases to a few hundred micrometers in our experiment when we further increase the optical feedback strength. Figure 3 shows that the coherence length can be shortened to 100 μm when the feedback strength reaches −13 dB. Here we must mention that the 100 μm coherence length is too long to apply in optical coherence tomography, but by evaporating antireflecting film on the emitting side of the semiconductor laser, we may shorten the coherence length to several micrometers. The further increase of the optical feedback strength causes the laser to enter stable external cavity mode operation and increases the coherence length.
Moreover we investigated the coherence length of the laser depending on its bias current. Figure 4 shows that the coherence length varies with the bias current ranging from 0:98I th to 1:56I th when the optical feedback strength is fixed to 23.0, 20.2, and 18:6 dB, respectively. We found that, when the laser is pumped close to its threshold current, the laser operates in LFF and emits multimode spectra due to the optical feedback and the spontaneous emission noise [18] . With the further increase of its bias current, the laser experiences a change from the LFF to the chaos state [19] . However, the coherence length is always around several millimeters. These experimental results indicate that the coherence length is insensitive to its bias current.
We also analyzed the fine structure of the fringe visibility generated by chaotic light interference. The laser oscillates in the chaos state when its biased current is 1:5I th and its optical feedback strength is −13 dB. We used a Michelson interferometer to measure the visibility envelope and its fine structure. One arm of the Michelson interferometer is set 10 cm away from the beam splitter (BS3) as the signal light and the other as the reference light is mounted on a PZT. The visibility envelope is plotted in Fig. 5 by moving the reference mirror. The envelope of the fringe visibility is approximate to a bell-shaped curve. A distance of 10 cm is measured from the peak. The solid curve shows its fine structure, which discloses the peaks at multiples of 1:02 mm. The space between the peaks equals the optical length of the laser diode cavity. From the Fig. 5 inset, we can see that the visibility rapidly decreases to lower than 1=e within a 50 μm length difference, i.e., a 100 μm range resolution can be derived from the FWHM of the fine structure.
Conclusions
In conclusion, we experimentally obtained a tunablecoherence length laser light source by using longcavity optical feedback based on a semiconductor laser. The coherence length of the semiconductor laser can be continuously shortened from several meters of the solitary laser light to 100 μm. The coherence length of the laser strongly depends on the feedback strength. Experimental results also indicate that the coherence length of the semiconductor laser decreases with the increase of the optical feedback strength, but it has no distinct variation with the increase of the bias current. We also analyzed the fine structure of the visibility of the incoherent light and achieved a 100 μm range resolution from the FWHM of the fine structure.
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